ABSTRACT We present a generally applicable method allowing rapid identification of causal alleles in mutagenized genomes by nextgeneration sequencing. Currently used approaches rely on recovering homozygotes or extensive backcrossing. In contrast, SNP-ratio mapping allows rapid cloning of lethal and/or poorly transmitted mutations and second-site modifiers, which are often in complex genetic/transgenic backgrounds.
F
ORWARD genetic screens are powerful in uncovering novel gene functions in genetic model organisms. While some mutant screens can be quick to perform, the identification of the causative mutation by map-based cloning is extremely labor-intensive. Large F 2 mapping populations of .1000 mutant individuals are required (Lukowitz et al. 2000; Jander et al. 2002) to fine-map a chromosomal region harboring a causative mutation. This number of mutant individuals can be difficult to obtain, especially when working with phenotypic traits that (i) are difficult to score, (ii) are weakly transmitted, or (iii) are in organisms that are hard to propagate. The recent development of next-generation sequencing (NGS) platforms has made sequencing of whole genomes quick and affordable. One application of NGS is to replace map-based cloning by the sequencing of mutagenized genomes to quickly identify causative mutations, a method successfully applied in many model organisms (Sarin et al. 2008; Smith et al. 2008; Srivatsan et al. 2008; Blumenstiel et al. 2009; Irvine et al. 2009; Schneeberger et al. 2009; Zuryn et al. 2010; Austin et al. 2011 ). However, current methods depend on identifying homozygous mutant individuals in an F 2 mapping population after outcrossing (Schneeberger et al. 2009; Austin et al. 2011) or require several rounds of backcrossing (Zuryn et al. 2010 ), a timeconsuming requirement not easily met in organisms with long generation times.
Here, we describe a generally applicable method, SNPratio mapping (SRM), which allows the rapid identification of lethal and/or poorly transmitted mutations and secondsite modifiers by NGS. It is based on the distinct segregation ratio of the causative (and linked) single-nucleotide polymorphism(s) (SNPs) from that of unlinked SNPs. SRM allows the mapping of lethal mutations after only two rounds of backcrossing via NGS. After backcrossing twice to the non-mutagenized parent, any unlinked SNP created by ethyl methanesulfonate (EMS) mutagenesis segregates 1:3 in a pool of individuals. By selecting only mutant individuals in the F 1 generation of the second backcross (BC2), the causative SNP is enriched and segregates 1:1 in a pool of mutant BC2 individuals ( Figure 1 ). Thus, calculating the SNP/non-SNP segregation ratio allows the quick identification of the causative mutation. The method is applicable to any model organism and mutagen causing mostly point mutations or small indels. SRM is the method of choice when working with (i) lethal mutations, (ii) hard-to-score phenotypes, (iii) mutations with low transmission, and (iv) second-site modifiers in complex genetic/ transgenic backgrounds. Here, we demonstrate the power of SRM by cloning a gametophyte lethal mutation in Arabidopsis thaliana, for which the recovery of homozygotes is not possible.
As proof of principle, we aimed to map the gene affected in a pollen-tube reception mutant obtained from a forward genetic screen using EMS-treated seeds of A. thaliana (Col-0 accession, Supporting Information, File S1). The turan-1 (tun-1) mutant disrupts cell-cell communication between male and female gametophytes, which is indispensable for fertilization. In flowering plants, the gametes are produced by the haploid, multicellular gametophytes. The male gametophyte (pollen tube) delivers two sperm cells to the female gametophyte (embryo sac), harboring two female gametes. Fertilization of the egg and central cell forms the embryo and the endosperm, respectively. In heterozygous tun-1 mutants, 12% (n = 1318 ovules) of the embryo sacs remain unfertilized, compared to only 1.5% (n = 1389 ovules) in the wild-type control. In tun-1 mutants, the pollen tube fails to stop growing inside the female gametophyte and does not rupture to release the sperm cells, which leads to a pollentube overgrowth phenotype revealed by aniline-blue staining of callose in the pollen tube's cell wall (Figure 2 and File S1). Due to impaired fertilization and an additional effect of the mutant in the pollen, the transmission of the mutation is highly reduced, and homozygous individuals cannot be recovered. Thus, recently published methods for mutant allele identification by NGS (Schneeberger et al. 2009; Austin et al. 2011) are not applicable to mapping this gametophyte lethal mutation.
To identify the TUN gene by SRM, heterozygous mutants were crossed back twice to the wild-type Col-0 parent. By selecting only mutant individuals in the F 1 generation of the BC2, the causative SNP is enriched and segregates 1:1 in a pool of mutant BC2 individuals, whereas any unlinked SNP segregates 1:3 (Figure 1 ). We simulated a binomial distribution for a 1:1 and a 1:3 segregation to determine the optimal sample size and calculated that a 50-fold sequence coverage of the Arabidopsis genome was sufficient to distinguish a SNP segregating 1:1 from a SNP segregating 1:3 (P , 0.05, Table S1 ). Genomic DNA from 53 F 1 individuals of the BC2 generation that displayed the mutant phenotype was pooled for sequencing (File S1). A sequencing library was prepared (File S1) and sequenced on the SOLiD 4 platform, as this method provides an incomparable sequencing accuracy optimal for SNP detection. Reads were mapped to the A. thaliana genome assembly and SNPs were called and analyzed (File S1).
We identified 2337 SNPs, of which 521 were homozygous and 1816 were heterozygous with an average sequence coverage of 57 reads (Table S2 and Table S3 ). The homozygous SNPs were likely due to discrepancies between our lab strain of Col-0 and the published sequence. The homozygous SNPs were discarded, since all relevant SNPs should only be heterozygous (Figure 1) . Before plotting the SNP/ non-SNP ratios of the heterozygous SNPs, we filtered any SNPs that showed very low or high coverage. Low-coverage SNPs could exhibit a misleading ratio due to small sample size, while very high coverage (.2· average coverage) SNPs often mapped to repetitive and/or transposable element sequences, where mapping quality is usually poor ( Figure  S1 ). Thus, we filtered out the lowest (, 19·) and the highest (. 103·) 10% quantiles, leaving 80% of the original data set. The SNP/non-SNP ratio of the remaining 1468 heterozygous SNPs was calculated and plotted against their chromosomal position (Figure 3 ). Any unlinked SNP should have a SNP/non-SNP ratio of 0.25, whereas a causative SNP is expected to segregate 1:1, i.e., producing a SNP/non-SNP ratio of 0.5. Furthermore, the SNPs surrounding the causative mutation should have segregation ratios . 0.25 since they have been coselected and thus cosegregate due to genetic linkage. Using this method, the causative SNP can be easily identified on the basis of the criteria that it must have a segregation ratio of 0.5, while the flanking, noncausative SNPs should cosegregate and display a ratio between 0.25 and 0.5, depending on the genetic/physical distance. The closer the flanking SNPs are, the higher this ratio will be. On the segregation ratio plot, this results in a rounded, rather flat curve, which can be visually identified without further statistical analyses ( Figure 3A , red shading). Noncausative SNPs with a segregation ratio of 0.5 are likely to be surrounded by SNPs with low segregation ratios, leading to sharp drops in the SNP/non-SNP ratios of nearby SNPs ( Figure 3 ). In our analysis of the tun-1 mutant, the only rounded peak was present in the upper arm of chromosome I ( Figure 3A , red shading).
Although the causative SNP could easily be identified in our experiment, we did not want to rely on a visual identification of the rounded peak. Thus, we developed a statistical test based on the expected recombination rate of neighboring SNPs as a function of the genetic distance between the SNPs. For each SNP following the 1:1 binomial distribution (n = 118, coverage $ 50), we calculated the expected pattern of cosegregation with the two neighboring SNPs on each side by using the expected recombination rate according to the mean genetic distance of 1 cM/357,042 bp (File S1 and File S2). Using a x 2 goodness-of-fit test, 108 of 118 1:1 class SNPs did not lie in a linkage group (5 neighboring SNPs) that fit the expected pattern of cosegregation and therefore were discarded. Of the 10 remaining candidate SNPs, 8 reside in recombination-deficient centromeric regions. This is probably due to intrinsic problems in mapping reads to the highly repetitive centromeric sequences, leading to a high SNP density with unusual segregation ratios. Moreover, these eight linkage groups encompass 0.013 cM or less (Table S4) , and the probability that 5 random SNPs lie in such close proximity is P = 1.4 · 10 28 (Poisson distribution, l = 0.071, k = 5). Thus, any 5 SNPs that are in such close vicinity are likely of artificial nature due to mapping errors and should not be considered. In contrast, the linkage groups of the two remaining noncentromeric SNPs cover a genetic distance of 4.7 cM (ratio = 0.49) and 6.8 cM (ratio = 0.44), respectively. Both SNPs lie in the rounded peak that we visually Figure 1 SRM scheme. An EMS-treated mutant (red plant) harboring several EMS-induced SNPs throughout the genome is backcrossed to an unmutagenized wild-type parent (green plant) of the same accession. The first backcross eliminates half of the SNPs. The F 1 generation is phenotyped, and a single mutant individual (red plant, BC1) is backcrossed. The F 1 of the second backcross (BC2) is phenotyped, and genomic DNA of 25-50 mutant individuals is extracted and pooled. The causative SNP (red circle) is present in every mutant individual in a heterozygous state and thus segregates 1:1 in a pool of mutant individuals. Unlinked SNPs (green square) are not selected and thus segregate 1:3. After SOLiD sequencing, SNP calling, and SNP/non-SNP ratio calculation, the two different segregation ratios can be distinguished.
identified on the upper arm of chromosome I and are neighbors (Figure 3, red shading) .
Of the two visually and statistically identified 1:1 class SNPs, the SNP with a ratio of 0.44 was intronic whereas the SNP with a segregation ratio of 0.49 (the closest to 0.5 in the whole data set) ( Figure 3A , arrow) was a nonsynonymous GC-to-AT nucleotide change, which is characteristic of most EMS-induced SNPs (Sega 1984) . This nucleotide change produces a stop codon in the sixth exon of gene At1g16570, a putative UDP-glycosyltransferase superfamily protein. To demonstrate that the causative SNP was identified, the At1g16570 gene was amplified from each of the 53 DNA samples that had been pooled for sequencing (File S1). The PCR products were digested with nucleases cleaving singlebase-pair mismatches in heteroduplex DNA . Using this method, 52 samples were shown to have a SNP at the indicated position, while one sample was not cut ( Figure  S2 ). The progeny of this plant showed no phenotype, indicating that it was a sampling mistake due to wrong phenotyping in the BC2 generation. Finally, T-DNA insertion lines disrupting the identified gene At1g16570 were tested for a pollen-tube reception phenotype. The line SAIL_400_A01 (tun-2), which has an insertion in the fourth exon of At1g16570, displays the same pollen-tube overgrowth phenotype as the EMS allele tun-1 (Figure 2C ), indicating that the correct gene has been identified by SRM.
In this example, no further analyses were required to identify the causative SNP. However, if genome coverage or mapping quality of the reads is lower than expected, the application of several filtering strategies could narrow down the list of potential candidate SNPs. First, selecting for exonic SNPs (nonsynonymous, synonymous) removes most of the detected SNPs (Table S2) . Second, prioritizing characteristic EMS-induced SNPs (Sega 1984) should unambiguously identify the causative SNP in most cases. If not, then the rare cases where the mutation affects a regulatory region that is not exonic or an atypical EMS-induced nucleotide change have to be considered.
Interestingly, we also observed SNP ratios . 0.5. Since this should not be possible considering our genetic backcrossing strategy (Figure 1 ), we performed a detailed analysis of all SNPs on chromosome I with ratios . 0.5. All such SNPs display a low coverage (low-sample-size effect) or are covered by reads with low mapping quality ( Figure S1 ). This indicates that such high ratios might be mapping artifacts in repetitive and/or transposable element regions. In addition, any SNPs found in and around the centromere display unusual segregation ratios (Figure 3 , gray shading), probably representing an intrinsic problem in mapping sequence reads to highly repetitive centromeric regions.
On the whole, labor-intensive, map-based cloning has been replaced by cloning via NGS in recent years. Until now, this worked only (i) with homozygous viable mutants using the SHOREmap or similar strategies (Schneeberger et al. 2009; Austin et al. 2011) after outcrossing or (ii) for organisms with a short generation time and an easy-to-score phenotype, where multiple required backcrosses still save time (Zuryn et al. 2010) . In contrast, SRM enables the mapping of zygotic or even gametophytic lethal mutations after only two rounds of backcrossing. SRM is generally applicable, but the identification of heterozygous mutant individuals may require progeny tests, e.g., scoring for the presence of aborted seeds or defective embryos among the progeny. This might involve some adaptations of the crossing scheme shown in Figure 1 , including a combination of inter se crosses and backcrosses if selfing is not possible. In outcrossing species, individual males could first be crossed to siblings to identify the heterozygotes in a progeny test, as well as to wild-type females to generate the backcrossed progeny used for SRM. In fact, SRM could also be used for the cloning of the causative genes on the basis of homozygous mutants in F 2 populations: the expected SNP ratios would be different (1.0 vs. 0.5), but the approach would still benefit from the small number of individuals required.
SRM is especially advantageous for (i) lethal mutations, (ii) organisms with a long generation time, (iii) hard-toscore phenotypes, and (iv) mutations with low transmission because only a small number of individuals are needed. Importantly, SRM is the method of choice for second-site modifier screens, in which a mutant with a certain phenotype is mutagenized a second time to identify novel mutant alleles that enhance or suppress this phenotype. Again, classical mapping or the SHOREmap strategy (Schneeberger et al. 2009; Austin et al. 2011) , which rely on outcrossing and an F 2 mapping population, require the original mutation to be present in at least two genetic backgrounds. This is possible only when another allele is available in a different accession or by outcrossing the mutation five to six times to another accession. This procedure is time-consuming and has the disadvantage that, due to a lack of recombination events close to the mutation, additional enhancer/suppressor mutations in the vicinity of the original mutation cannot be mapped. Furthermore, second-site modifier screens are often performed in complex, tailor-made backgrounds involving several mutants and/or transgenes (Page and Grossniklaus 2002) . It is very hard to generate the identical genetic/transgenic constitution in two distinct accessions. By using SRM, the enhancer/suppressor mutant has to be backcrossed only to the original mutant background, no matter how complex it is.
Finally, SRM can be applied to any genetic system. In fact, we expect that SRM can also be applied in organisms without a well-annotated genome. As mentioned above, plotting the NoteSNP/non-SNP ratio over the chromosomal positions and visually identifying flat curves indicating a region under selection can be statistically tested (File S1 and File S2) and used to identify the causative SNP. This is also possible with partly assembled and poorly annotated genomes.
In conclusion, we successfully identified a gene disrupted in a gametophyte lethal mutant in A. thaliana by SRM. The need for relatively few individuals and only two rounds of backcrosses, which are needed in any case to purify the genetic background after mutagenesis, make this a very versatile and useful method for any genetic organism.
Acknowledgment
We thank A. Patrigiani for preparing the library for SOLiD sequencing and R. Schlapbach for access to the facilities of the Functional Genomics Center Zürich. We also thank S. A. Kessler and J. Jaenisch for helpful comments on the manuscript. This work was supported by grants from the European Research Council and the Swiss National Science Foundation to U.G. The costs for next-generation sequencing were covered by a project of the University Research Priority Program in Functional Genomics/System Biology of the University of Zürich.
Note added in proof: While our paper was under review, Abe et al. (2012) published a similar method based on the distinct segregation ratios of linked and unlinked SNPs to map homozygous mutants in rice. This shows that SRM can be applied to map homozygous mutants, as we suggested in our manuscript. 0.23g Col--0 seeds with the Lat52::GFP reporter were treated with 0.15% ethane methyl sulfonate (EMS) for 8h. M1 plants were grown as previously described (HUCK et al. 2003) . For screening, siliques of 1800 M1 plants were collected 2 days after pollination and prepared for aniline blue staining of callose in pollen tubes (HUCK et al. 2003) . Images were captured with a Leica DM6000B epifluorescence microscope. One line with high penetrance of the pollen tube overgrowth phenotype was backcrossed twice to the Col--0 wild--type accession, using the wild--type line (Col--0) as pollen donor.
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GENETICS
Preparation of genomic DNA and SOLiD sequencing:
Genomic DNA was extracted with a QIAGEN DNeasy Plant Mini Kit from 53 BC2 individuals displaying the mutant phenotype. By mixing DNA in equimolar concentrations, a fragment library was produced using the SOLiD Fragment Library 
Sequence data analysis:
The paired end (50x35bp) sequence reads from SOLiD platform were mapped to the Arabidopsis thaliana genome assembly TAIR version 10 (ftp.arabidopsis.org/home/tair/Sequences/whole_chromosomes/) using Bioscope version 1.3.1 (default settings) from Applied Biosystems (Life Technologies, Carlsbad, CA, USA). After mapping, the SNPs were called by using the DiBayes algorithm (Life Technologies, Carlsbad, CA, USA) with high and medium stringency settings. The obtained SNPs were classified into intronic, intergenic, coding (synonymous and non--synonymous amino acid substitutions) and splice--site variants with a custom software pipeline.
Statistical identification of causative SNP candidates
The results of the sequence data analysis were tabulated in the following structure: chromosome, position on the chromosome in bp, number of reference counts (reads), number of variant counts, zygosity (either "homozygous" or "heterozygous"). The table in this structure was loaded into R as tab--delimitated text file. To identify the 1:1 segregating SNPs the dataset was filtered in 3 steps: First, all homozygous reads were removed. Second, all reads with a coverage less than 50--fold were removed (see Table S1 ). Third, F~Binomial (H 0 : Π = 0.5; H A : Π ≠ 0.5) was calculated for each SNP. All SNPs with α < 0.05 and α > 0.95 were removed. This resulted in a list of 1:1 segregating SNPs (n=118).
SNPs neighboring the causative SNP are genetically linked and thus follow an expected pattern of co--segregation. The expected pattern of co--segregation of two neighboring SNPs on each side of each 1:1 segregating SNP was calculated. This was done with the complete dataset of heterozygous SNP without filtering for low and high coverage in 3 steps:
• First, the genetic distance (in cM) between the SNPs was calculated by dividing the physical distance (bp) between the SNPs by the mean physical distance per cM (357,042 bp/cM). The mean genetic distance was calculated using the physical map and the most recent, sex--specific genetic map of Arabidopsis thaliana (TAIR version 10 (www.arabidopsis.org); GIRAUT et al. 2011) . In Arabidopsis, dramatic differences between male and female meiosis have been found (genetic map length: male=575cM, female=332cM) and since we crossed the mutants always as females, the female genetic map length was used here. However, we obtained the same results using the overall mean genetic distance of 1cM per 198,556 bp (i.e. combined male and female recombination rates: genetic map length=597cM; LISTER AND DEAN, 1993) . Since the mean physical distance in bp per cM can be estimated for most organisms used in genetic research, this procedure is generally applicable. If more accurate combined genetic and physical maps are available, local recombination rates could be integrated into this procedure.
• Second, the expected number of variant reads for a 1:1 class SNP was calculated by dividing the number of total reads (coverage) per SNP by two (diploid organism).
• Third, the expected number of variant reads for each neighboring and co--segregating SNP was calculated according to the genetic distance between the SNPs based on the mean physical distance per cM. This was done for each of the two neighboring SNPs on each side of the 1:1 segregating SNP.
To test which SNPs differ from the expected pattern of co--segregation, a χ 2 goodness of fit test was applied. The calculated expected number of variant reads was subtracted from the observed number of variant reads and this value was squared, followed by division with the calculated expected number of variant reads. This was done for each of the 2 neighboring SNPs on each side of the 1:1 segregating SNP, giving 5 χ 2 --values, which were summed up (for α < 0.05 and df = 4, χ 2 = 9.49; en.wikipedia.org/wiki/Chi--squared_distribution). All SNPs with a χ 2 > 9.49 were discarded, because they differed significantly from the genetic expectations.
The R--script is available as an extra file (File S2) and can be downloaded at http:/
Confirmation of mutation:
The SNP region of the At1g16570 gene was amplified from each of the 53 DNA samples, that had been pooled for sequencing, two Col--0 controls and a H 2 O control with the primers 5`--CTTTTGATCTTGCAGCCACA--3`and 5`-- Simulation of a binomial distribution to determine the minimal sequencing coverage needed to differentiate a 1:1 from a 3:1 segregation of SNPs, with 1st (α) and 2nd class (β) mistakes being <0.05. Π -values for H 0 : Π = 0.5; H A : Π= 0.25. The optimum is found at a sample size of 50. α = F~Binomial; β = 1--F~Binomial; n = sequence coverage; x = highest occurence of variant SNP to reject H0. SNPs were called by using the DiBayes algorithm with high stringency settings and analyzed with a custom software pipeline. 
